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In vitro percutaneous absorptionThe conventional safety approach that includes dermal absorption of pharmaceutical or consumer prod-
ucts uses models that are based on intact skin. However, when products are intended for application to
skin with a less effective barrier, such as in new-born infants, or in cases where the skin is mildly dam-
aged or diseased, there are instances where absorption through compromised skin is also important. A
tape stripping procedure was investigated using dermatomed pig skin to assess if an in vitro model could
replicate the typical changes in barrier function observed in humans with compromised skin. The rela-
tionship between Trans-Epidermal Water Loss (TEWL), Electrical Resistance (ER) and Tritiated Water Flux
(TWF), markers of skin barrier function in OECD 428 studies was investigated. There was a step-wise
reduction in ER from normal (control) skin following 5, 10, 15 or 20 tape strips. This was mirrored by
increases in both TWF and TEWL. An in vitro experimental protocol using 5 tape strips, ER and derma-
tomed pig skin provided a rapid, robust and reproducible approach equivalent to the 3–4-fold increases
in TEWL observed clinically in compromised skin.
 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Skin that has a compromised stratum corneum is likely to pro-
vide a less effective barrier to topically applied chemicals when
compared with normal skin. For example, skin that is impaired
due to irritation, sensitisation or more chronic skin disease, such
as psoriasis, is likely to be a less effective barrier to the entry of
chemicals into the systemic circulation via the dermal route
(Goon et al., 2004; Kim et al., 2006; Stamatas et al., 2011). The
measurement of dermal absorption of chemicals for consumer
products intended for application to the skin is an important part
of risk assessment. However, the in vitro animal and humanmodels
that assess the dermal penetration of topically applied products in
Franz-type diffusion cells utilise intact skin (Franz, 1975; OECD,
2004a, 2004b; SCCS, 2010). Since there is no standardised model
for evaluating skin penetration in conditions where the barrier
properties of the stratum corneum are impaired, the use of addi-
tional safety factors to accommodate this is arbitrary, despite thefact that many products are targeted for use on skin that has
impaired barrier properties. Therefore, a simple and robust
in vitro technique would be useful for studying the dermal absorp-
tion of chemicals in compromised skin.
The purpose of this study was, therefore, to explore whether the
tape stripping procedure used to assess the distribution of chemi-
cals in the skin in regulatory protocols could be adapted, in vitro, to
mimic damage to the stratum corneum barrier. Dermatomed pig
skin1 was used in these investigations since the morphological and
permeability characteristics of the skin of this species are very sim-
ilar to humans (Dick and Scott, 1992; Scott and Clowes, 1992) and
pig skin is an accepted model for the skin penetration assessment
of cosmetic ingredients (SCCS, 2010). One of the requirements of
these regulatory studies that involve resected human or animal skin
is to establish that the permeability characteristics of each skin
sample is normal prior to the application of a test article to the skin
surface. The commonly used skin integrity tests in OECD 428 in vitro
dermal penetration studies using Franz diffusion cells include the
measurement of Electrical Resistance (ER), Tritiated Water Flux
(TWF) and Trans-Epidermal Water Loss (TEWL). Historically, the
TWF approach was the most common barrier function test, but thisarvested.
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cal, since the establishment of a steady state for water permeation
takes several hours (Dugard et al., 1984; Lawrence, 1997). TEWL is
also a useful method since it is non-invasive and the same instru-
ment can be used for in vitro and in vivo barrier function assessment
(Imhof et al., 2009). A major drawback for TEWL assessment is that it
requires a period of stabilisation in a controlled temperature and
humidity environment around the probe and is therefore not a prac-
tical option for studies involving large numbers of diffusion cells.
Values for ‘‘normal’’ or acceptable skin barrier properties for the
three skin integrity parameters (ER, TWF and TEWL) have been
published for six species, including human (Heylings et al., 2001;
Davies et al., 2004). Of these methods, the ER approach has been
shown to be the most practical and robust (Davies et al., 2004).
However, different laboratories utilise different Databridge equip-
ment to measure this resistance or impedance parameter and
sometimes use different direct current and frequency settings. In
addition, there are many different types of diffusion cells where
the skin surface area and cell design also has an impact on the
technique. Therefore, care has to be taken in the interpretation of
values between laboratories (White et al., 2011). Ideally, investiga-
tors undertaking such work should link their own impedance/ER
methodology to in-house TWF data for the same skin samples, in
order to demonstrate the reliability of integrity data that is based
on electrical properties of the skin membrane.
In our investigationwe have explored the usefulness of Electrical
Resistance (ER), Tritiated Water Flux (TWF) and Trans-Epidermal
Water Loss (TEWL), for predicting the degree of skin damage
achieved through sequential tape stripping of the skin surface. We
aimed to establish how the permeability properties of skin changes
with varying degrees of skin stripping using dermatomed pig skin in
our glass static diffusion cells.2. Materials and methods
Skin was obtained from suckling pigs (aged 6–8 weeks) of the
BritishWhite strain that were sacriﬁced for non-cosmetic purposes
before the skin was harvested. Pig skin is a predictive model for
human skin penetration as it has very similar morphology and per-
meability properties to human skin (Dick and Scott, 1992) and it is
permitted in regulatory studies to assess the skin penetration of
cosmetic ingredients (SCCS, 2010).
2.1. Preparation of dermatomed skin membranes
Samples of whole skin were excised from the trunk area. Excess
hair was removed and strips of skin membranes (approximately
6 cm diameter) were cut at a thickness of 200–500 lm using an
electric dermatome. Each membrane was given an identifying
number and stored frozen, at 20 C, on aluminium foil, until
required for use. The dermatomed skin membranes were used
within 6 months of preparation.
2.2. In vitro static diffusion cell equipment
Details of the approach used in these investigations are similar to
those described in the OECD guidance document No. 28 (OECD,
2004a). Discs of dermatomed skin membranes approximately
3.3 cmdiameterweremounteddermal side down in Franz-type sta-
tic diffusion cells with an exposed area of 2.54 cm2 (Dugard et al.,
1984; Scott and Clowes, 1992). The receptor chambers were ﬁlled
with a recorded volume of physiological saline and placed on amag-
netic stirrer plate in a water bath maintained at 32 ± 1 C. Diffusion
cells containing membranes intended for TEWLmeasurement were
placed in an incubator maintained at the same temperature.2.3. Measurement of skin barrier function
Three measures of skin barrier function (ER, TEWL and TWF)
were utilised in this study using methods and previously estab-
lished cut-off values for the rejection of abnormal samples
(Davies et al., 2004; Heylings et al., 2001; Imhof et al., 2009).
For ER, this was measured using a PRISM Electronics AIM6401
LCR data bridge connected to two stainless steel electrodes using
a setting of 100 kHz and ER was expressed as kX for the exposed
skin surface area (2.54 cm2). Further details on the equipment used
can be found in our previous publication (Davies et al., 2004). The
diffusion chambers were allowed to equilibrate in a water bath at
32 C for approximately 30 min. One electrode was inserted into
the saline in the receptor chamber underneath the skin via the side
arm and the other electrode immersed in 2 ml of saline in the
donor chamber above the skin. When the resistance across the skin
sample had stabilised, the ER reading was recorded.
TWF was determined by ﬁrstly allowing the membranes to
equilibrate in a water bath at 32 C for approximately 30 min after
which a 2 ml aliquot of tritiated water (T2O), containing a known
amount of radioactivity, was applied to the surface of the mem-
branes. Contact between the T2O and the skin membrane was
deemed to be the start of the experiment (time zero). Samples of
the receptor ﬂuid were taken 3, 4, 5 and 6 h after application and
analysed for radioactivity content by LSC. The receptor ﬂuid
removed was not replaced. However, the receptor ﬂuid and skin
membranes were in good contact throughout the T2O permeability
measurement. A permeability coefﬁcient (Kp) was calculated by
dividing the steady state absorption rate by the radioactivity con-
centration of the T2O applied to the membranes.
TEWL was measured by ﬁrstly placing the diffusion cells con-
taining skin membranes in a humidity (40–60%) and tempera-
ture-controlled incubator at 32 C. The cells were allowed to
equilibrate for at least 30 min before taking a measurement using
a calibrated, ServoMed EP-2 Evaporimeter (ServoMed, Varberg,
Sweden) by placing the probe directly on to the dry skin surface.
Once the TEWL value had stabilised the reading was recorded.
2.4. Experimental design
Part of the pre-selection criteria of the membranes was a con-
ventional ER skin integrity test which was used to identify any
damaged pig skin samples. Any skin sample, in our static diffusion
cells, that did not meet the cut-off value of 3 kO was discarded and
not used in these investigations. The criteria for barrier damage in
dermatomed pig skin was as described previously (Davies et al.,
2004). Normal skin samples from ﬁve different animals were then
randomly assigned to groups to be left unstripped (control mem-
branes) or to groups to be subjected to tape stripping 5, 10, 15 or
20 times, in order to remove different proportions of the stratum
corneum. Further skin samples from the same animals that had
passed the initial ER skin integrity test were also randomly
assigned to groups to be subjected to individual tape stripping (5
tape strips then individual strips up to a maximum of 14 strips).
The tape stripping method followed the standard approach
described in the OECD 428 test guideline (Trebilcock et al., 1994),
using 22 mm diameter Cuderm D-Squame stripping discs (CuDerm
Corporation, Dallas, USA) which were applied to the dry skin sur-
face at a constant pressure of 225 g/cm2 for ﬁve seconds using a
purpose-built applicator. The three measures of skin barrier func-
tion (ER, TEWL and TWF) were recorded before the tape stripping
procedure. The three values were recorded again after removal of
the speciﬁed number of tape strips of the stratum corneum and
ﬁnally for a third time after 24 h following the tape stripping
procedure. Initial and 24 h measurements were also performed
for the unstripped control membranes. For comparative purposes,
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unstripped control group and a group where the epidermis had
been completely removed by heat-separation.
2.5. Statistical analyses
The pre- and post-values for the three measures of skin
integrity were recorded for the control and each tape stripping pro-
cedure and expressed as mean ± SEM for each group. A comparison
of the three skin integrity measurements (ER, TEWL and TWF) was
made between the unstripped control skin and the tape stripped
skin using Students t-test for unpaired variates, as appropriate.
ER was expressed as kO and was based on our Laboratory’s
standard diffusion cell area (2.54 cm2).
3. Results
3.1. Skin integrity measurements of unstripped control pig skin
The multiple skin samples from ﬁve different animals were
assigned to the three measurement groups in order to minimise
any effects from different animals. Fig. 1A–F shows the three skin
integrity markers which were measured at both 0 h and 24 h and
plotted against one another for at least ﬁve replicates fromeach ani-
mal. The individual skin samples in normal skin gave an ER distribu-
tion of the order of 1–23 kO, a TEWLdistribution of 1–15 g/m2/h and
a T2O (TWF) distribution of 0.2–6  103 cm/h. Measurements
taken 24 h later, for the same skin diffusion cells, were similar; ER
distribution was 1–22 kO, a TEWL distribution of 1–11 g/m2/h and
a T2O (TWF) distribution of 0.4–6  103 cm/h. For reference, the(A)  TWF versus ER - 0 h
(C)  TWF versus TEWL - 0 h
(E)  ER versus TEWL - 0 h
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Fig. 1. (A–F) Skin integrity measurements of unstripped control pig skin at 0 h and 24 h
Water Flux (TWF).cut-off values from previously published data for pig skin from our
laboratory have been added as intersect lines on Fig. 1A–F. These
lines represent cut-offs deemed as normal skin integrity for this spe-
cies (Davies et al., 2004), and include the majority of individual val-
uesmeasured in the present study. Table 1 shows the distribution of
the values across each group that were used to plot Fig. 1A–F.
3.2. Skin integrity measurements of tape stripped pig skin
The next stage of the investigation involved a direct comparison
of normal pig skin with samples from the same animals that had
been tape stripped 5, 10, 15 or 20 times to remove different
amounts of the stratum corneum. TWF measurements were only
taken following 10 and 15 tape strips due to the time consuming
nature of this technique. As shown in Fig. 2A–C, the control levels
of TEWL and TWF were both affected with the water ﬂux into the
skin increasing and water efﬂux out of the skin increasing in direct
proportion to the degree of tape stripping. Similarly, the ER of the
pig skin showed a progressive fall in response to the number of
strips taken as the resistivity of the skin sample decreased. For
example, the initial batch of 5 tape strips resulted in a highly sig-
niﬁcant (p < 0.0001) 1.7-fold decrease in ER, when compared with
the ‘‘control’’ and a highly signiﬁcant (p < 0.0001) 3.5-fold increase
in TEWL. Following ten tape strips, TWF increased 3.5-fold
(p < 0.001), ER decreased 2.4-fold (p < 0.0001) and TEWL increased
5-fold (p < 0.0001) when compared to the unstripped control
group. The trend continued with 15 tape strips resulting in 5.8-fold
increases (p < 0.0001) in TWF, 3.3-fold decreases in ER (p < 0.0001)
and 5.8-fold increases in TEWL (p < 0.0001) above control. The ﬁnal
ER and TEWL measurements following 20 tape strips, which prob-(B)  TWF versus ER - 24 h
(D)  TWF versus TEWL - 24 h
(F)  ER versus TEWL - 24 h
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using Trans-Epidermal Water Loss (TEWL), Electrical Resistance (ER) and Tritiated
Table 1
Distribution of values across each of the three skin integrity parameters (TEWL, ER and TWF) used in unstripped control pig skin.
Trans-Epidermal Water Loss (g m2 h1) TEWL Electrical Resistance (kO)a ER Tritiated Water Flux (103 cm/h) TWF
0 h 24 h 0 h 24 h 0 h 24 h
Mean ± SEM 4.18 ± 0.28 3.68 ± 0.19 8.94 ± 0.56 9.36 ± 0.48 2.34 ± 0.15 2.43 ± 0.14
n 75 75 75 75 68 68
Min 0.74 1.23 0.98 1.10 0.22 0.36
Max 14.7 11.1 22.7 21.6 6.30 6.05
n = number of determinations.
a DTL’s standard diffusion cells – Skin area = 2.54 cm2.
(A)  Measurement by ER (B)  Measurement by TEWL
(C)  Measurement by TWF
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Fig. 2. (A–C) Skin integrity measurements of unstripped control (0 tape strips) pig skin versus skin tape stripped 5, 10, 15 or 20 times. Measurements were taken immediately
post stripping. Mean ± SEM. Number of determinations in parenthesis.
D.J. Davies et al. / Toxicology in Vitro 29 (2015) 176–181 179ably results in the complete removal of the stratum corneum, gave
4.5-fold decreases (p < 0.0001) and 8.1-fold increases (p < 0.0001)
compared with control, respectively. With the exception of TWF
measurements following ten tape strips (p < 0.001), each batch of
ﬁve tape strips resulted in a highly signiﬁcant (p < 0.0001) change
in the three integrity measurements when compared with the con-
trol (0 strips) value.
Further investigation into the effect of individual tape stripping
after the ﬁrst 5 strips reinforced the sensitivity of ER in detecting
initial membrane damage following the 5 tape strips and then each
subsequent individual tape strip thereafter. As shown in Fig. 3A,
the ER value following 5 strips decreased 1.5-fold when compared
to the ‘‘control’’ after which there was a small, but observable, fur-
ther fall in ER of the skin membrane with each subsequent tape
strip up to 14 strips. At this point there was an overall 3.4-fold
decrease in ER (p < 0.0001) when compared to the ‘‘control’’. The
individual strip data correlated well with the grouped 5 tape strip
data for ER shown in Fig. 2A–C. TEWL measurements following 5
tape strips, as shown in Fig. 3B, demonstrated a 4.8-fold increase
in water efﬂux from the compromised skin when compared to
the ‘control’ which was broadly comparable to the batches of 5
strips. However, TEWL measurements following each subsequent
individual tape strip did not show a uniform pattern of increased
damage as assessed by water efﬂux.3.3. Skin integrity measurements of heat-separated pig skin
In order to demonstrate what magnitude of change could be
detected in our skin diffusion cell model of tape stripping, a sepa-
rate group of pig skin samples were subdivided into a control
group and a group where the epidermis had been completely
removed by heat-separation, using the procedure described in
Guidance documents for the assessment of the dermal penetration
of consumer products (SCCS, 2010). As shown in Fig. 4A–C, com-
plete removal of the epidermis leaving just the underlying dermal
tissue reduced the ER from 8 kO to less than 1.0 kO. The TEWL in
the same skin samples increased from about 5 g/m2/h to 61 g/
m2/h. Both of these changes were highly signiﬁcant (p < 0.0001)
for n = 20 unpaired samples. Similarly, the Tritiated Water Flux
(TWF) was much higher in the same heat-separated membranes
(p < 0.001) with the skin permeability coefﬁcient (Kp) rising from
about 2 to 15  103 cm/h for n = 10. Essentially, these skin sam-
ples with ‘‘damaged’’ membranes had very little barrier to prevent
water movement through the skin.
4. Discussion
This investigation has examined the potential of using the skin
integrity methods used in OECD guidelines for in vitro dermal
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Fig. 3. (A and B) Skin integrity measurements of unstripped control (0 tape strips) pig skin versus skin individually tape stripped following the ﬁrst ﬁve tape strips.
Measurements were taken immediately post stripping. Mean ± SEM. Number of determinations shown in parenthesis.
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to assess disposition of chemicals and drugs in the stratum cor-
neum, in order to develop a new model for assessing skin penetra-
tion in situations where the skin barrier is abnormally permeable.
We recognise that the use of ER measurements with tape stripped
skin may be highly impractical when assessing the penetration of
compounds through a compromised skin barrier in vivo. The ER
method involves hydration of the anatomical face of the skin there-
fore, its applicability to disease situations involving changes in
hydration of the stratum corneum may be limited. However, in this
investigation, we have identiﬁed that tape stripping and use of ER,
in particular, is a rapid, robust and practical in vitro approach that
may be useful to study the absorption of chemicals and drugs
through skin that has impaired barrier properties. Furthermore,
being an in vitro model it avoids the ethical issues associated with
creating surface damage to the organ in a living animal.
Our objective was to determine which is the most practical and
robust in vitro method of barrier impairment using a step-wise
approach of sequential tape stripping of dermatomed pig skin.
Based on our own laboratory’s equipment, which has been
described in more detail in our previously published work in thisjournal, we have shown that of the three measures of skin
integrity, only ER was robust enough to discriminate between
the barrier property changes effected by sequential tape stripping
(Davies et al., 2004). It is also a very rapid assessment and not
prone to the effects of humidity stabilisation, air ﬂow, temperature
ﬂuctuation and time-consuming instrument calibration. The mea-
surement of water ﬂux through the skin (TEWL or TWF) requires a
long period of stabilisation, due to the equilibration of water in the
spacial compartments of the skin layers and microenvironment
immediately above the tissue (in the case of TEWL) taking time
to reach stable readings between strips. These measures of water
movement proved to be unsuitable as a rapid test for skin damage.
This compared with the excellent performance of ER where a sig-
niﬁcant difference could be observed between control (normal)
skin and each group of 5–20 tape strips. Importantly, the ER
assessment is almost instantaneous and highly suited for static
Franz-type diffusion cells. The magnitude of change per 5, 10 or
greater number tape strips differed among the skin integrity indi-
ces measured. A further analysis of the data where the changes
were compared with those observed for TEWL in clinical situations
revealed that removal of 10 tape strips provided a loss of barrier
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in vivo, while also providing a discernible decrease in ER. This 3–4-
fold increase in TEWL approximates to the altered barrier function
observed clinically in atopic dermatitis, psoriasis, and diaper der-
matitis as described previously (Goon et al., 2004; Kim et al.,
2006; Stamatas et al., 2011).
The experimental work presented here has shown that the
removal of 10 tape strips is the most relevant procedure for this
in vitro skinmodel in order tomake realistic predictions of skin pen-
etration in compromised skin. We recognise that all threemeasure-
ments (TEWL, TWF and ER) can be utilised to determine whether
skin barrier function has been compromised to a standardised level.
Indeed, it may be appropriate to combine different measures
depending on the circumstances being investigated. For example,
if a skin application was designed to prevent water loss then the
TEWL approach may be better to assess performance and this
method, of course, can be run in parallel in clinical investigations.
One areawherewe think this in vitromethodologywould be use-
ful is for the safety assessment of new and existing consumer and
pharmaceutical products. There is little information in the area of
dermal penetration of topical drug and cosmetic formulations under
conditionswhere the stratum corneum is damaged, diseased or even
absent, such as following sunburn. The risk assessment processmay
incorrectly assume that the systemic exposure to a drug, for exam-
ple, is perhaps ten times higher when the skin barrier is impaired.
However, this may be a gross over-estimate for most compounds.
It is obviously an area of safety assessmentwhere the ethical consid-
erations would not justify investigation of this effect in animals or
humans. Therefore, the scientiﬁcally-based approach we have pre-
sented here using ex vivo skin and ER is a step forward in this area
of dermatokinetics to aid the risk assessment process where expo-
sure is to a compromised skin barrier. Clearly, further investigation
is required to establish whether there is a clear link to the physico-
chemical properties of the compound in question or the vehicle
and the formulation in which it is applied. This may lead eventually
to mathematical predictionmodels similar to those used for dermal
absorption through normal skin.
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